Abstract. Recently developed approach to the simulation of configuration-averaged EXAFS spectra using the combination of quantum mechanics and classical Molecular Dynamics (MD) methods is presented on the example of the Ti K-edge in SrTiO3 at T = 300 K. The method allows one to significantly reduce the number of fitting parameters required in the EXAFS signal calculation and to account entirely for disorder contributions. We show also that the sensitivity of configuration-averaged EXAFS spectra to the force field model employed in the MD simulations allows one to use them as additional information for the force field parameters fitting.
Introduction
EXAFS spectroscopy is the structural tool providing with the information on the local atomic structure around an atom of particular type. The size of the probed region depends strongly on a degree of thermal and static disorder present in a compound and is usually up to about 10Å. While the reliable theory of EXAFS is currently available [1] , there is still a lack of accurate accounting for disorder effects, in particular, beyond the first coordination shell: in this region one needs to account for many-atom distributions leading to the so-called multiplescattering (MS) effects [1, 2] . This problem strongly limits the conventional routine analysis and interpretation of the EXAFS signals to the first shell or requires to make crude approximations in the analysis of outer shells. Another typical problem is connected to the rapid growth of the number of fitting parameters upon an increase of analyzed region size, which is again mainly related to an accounting for disorder effects. Note that this problem is crucial in the analysis of nanomaterials structure, where the relaxation phenomena caused by surface/interface effects contribute additionally [3] .
Currently, the disorder contribution to EXAFS signals is theoretically considered within two approaches: one relies on a distribution of instantaneous interatomic distances contributing into the MS paths [1] , whereas another one uses the configurational averages of the EXAFS signals over n-atom distributions [4, 5] . In the first case, realized within the FEFF code [6] , the treatment of thermal and structural disorder is based on phenomenological models, such as the correlated Einstein and Debye models, Gaussian or cumulant approximations [1] . However, few attempts to use more rigorous approaches, based on semiempirical Hamiltonians and the ab initio density functional method [7] or the equation-of-motion method [8] , have been also performed. In the second approach, implemented in the GNXAS code [5, 9] , the configurational averages of the EXAFS signals are calculated using the low-order Taylor expansion for amplitude and phase of the EXAFS signal assuming small disorder.
The problem of disorder in EXAFS spectra can be addressed in general case using Molecular Dynamics (MD), Monte Carlo (MC), path-integral or reverse Monte Carlo (RMC) simulations [10, 11, 12, 13, 14, 15, 16, 17, 18] . These simulation methods allow one to obtain a set of atomic configurations to generate corresponding configuration-averaged EXAFS signal, which entirely incorporates any disorder contributions. Note that the use of MD and MC requires the knowledge of the force field potential model, while in the RMC technique no interatomic interactions are assumed. Besides, the MD simulation method involving the motion of a given number of atoms yields a true dynamical history of an atomic system, whereas the MC method generates a Markovian chain of spatial configurations according to the Metropolis algorithm rules [19] .
In this work, we apply the recently developed approach [20] to the simulation of configurationaveraged Ti K-edge EXAFS spectra in SrTiO 3 using the combination of quantum mechanics and classical MD methods. In our previous work [20] , we have addressed the problem of an influence of atomic charge and supercell size, whereas here we will focus on the sensitivity of EXAFS signal to different force field models.
Simulation details
The simulation scheme combining quantum mechanics and classical Molecular Dynamics to calculate configuration-averaged EXAFS signal is shown in figure 1 . Here several steps should be distinguished, which may be technically implemented in different ways. One starts from the equilibrium atomic structure of a compound, which should be obtained from diffraction experiment or calculated by some ab initio code [21, 22] . In the latter case, one can obtain an information on atomic charges, bulk modulus, elastic constants, phonon frequencies across the Brillouin zone, etc. This information can be further used in the fitting of the empirical interatomic potentials [23] . In this work we have used the LCAO (linear combination of atomic orbitals) code CRYSTAL06 [21] to calculate the atomic charges in SrTiO 3 from Mulliken population analysis [24] . Note that due to the bonds covalency, their values (Z(Sr) = +1.84, Z(Ti) = +2.36 and Z(O) = −1.40 [24] ) differ from the atoms formal oxidation states. When the atomic structure is known, one needs to choose the force field potential model and to refine the potential parameters. For this task, we use the GULP3.1 code [25] , which incorporates the interatomic potentials optimization procedure. The two-body, central force, interactions in SrTiO 3 were described by the widely used model of interatomic forces in ionic materials given by the equation [26] 
Here the first two terms correspond to the Buckingham-type potential consisting of the BornMayer repulsive interaction between overlapping electron densities due to the Pauli principle and the attractive van der Waals interaction. The last term represents the Coulomb interaction between pairs of ions having charges Z i and Z j . The parameters A, ρ and C of the force field can be obtained by empirical fitting to the compound structure and a number of its physical properties such as elastic constants, bulk modulus, piezoelectric constants, dielectric constants or phonon frequencies. Note that thus obtained interatomic potentials should allow accurate reproduction of the structural parameters (usually to better than ±0.01-0.02Å) to make further comparison of calculated and experimental EXAFS signals meaningful.
In this work we have tested the four force field models (table 1) , which have been published in the past for SrTiO 3 [27, 28, 29, 30] . These models have been utilized to investigate the relationship between electrical properties and defect structures in doped and undoped bulk SrTiO 3 [27] , to study the stability of the Ruddlesden-Popper shear phases [28] , to calculate the solubility of various impurity ions in SrTiO 3 [29] , and to simulate radiation damage phenomena [30] , thus covering a wide range of SrTiO 3 properties. Therefore, one can consider these models as good testbed for the EXAFS simulation scheme. [28] ; (c) CJ [29] ; (d) TMB [30] .
When the force field is selected, the MD simulation have to be performed at the required temperature and pressure, corresponding to that of the EXAFS experiment. However, one should take care concerning the range of validity of classical MD method. We performed the NVT-type MD simulations at T = 300 K for the supercell containing 625 atoms and being composed of 5×5×5 primitive cells (the primitive cell size corresponds to the lattice parameter of SrTiO 3 equal to a 0 = 3.905Å [32] ). After equilibration during 20 ps, a set of 4000 static atomic configurations was collected during the simulation run of 20 ps with a time step interval of 0.5 fs. Thus obtained atomic configurations can be used to calculate the atomic distribution functions, mean square displacements (MSDs) and mean square relative displacements (MSRDs), if required. The Ti-O, Ti-Sr and Ti-Ti pair distribution functions (PDF) for the four force fields are shown in figure 2. All models give close values of the MSD for Ti (0.045±0.003Å) and Sr (0.07±0.01Å), which are also isotropic. The MSD of O is anisotropic, being larger in the direction perpendicular to the Ti-O-Ti chain: the parallel component MSD =0.045±0.007Å in all models, however the perpendicular component MSD ⊥ =0.071±0.007Å in MGL, CJ and TMB models but 0.19±0.01Å in AAJC model. The obtained atomic configurations are further used to calculate EXAFS signals by one of the available ab initio MS codes as, for example, FEFF [6] or GNXAS [5, 9] . This step is rather time consuming computationally, since the number of atomic configurations, required to get a good average, is normally about several thousands. Therefore, two computer codes, EDAGULP and EDACA, were developed within the EDA project [33] , to realize the full simulation scheme (figure 1) on the "LASC" cluster-type computer at ISSP (Riga) [34] . Currently the scheme is based on the GULP3.1 [25] and FEFF8 [6] codes.
The EXAFS signals for each configuration were calculated by the FEFF8 code [6] . At the first step of the MS calculations, the scattering potentials and partial phase shifts were evaluated only once for the cluster with the radius of 8Å and centered at the Ti atom, i.e. for the average configuration, thus neglecting a variation of the scattering potentials due to thermal vibrations [20] . At the next step, the EXAFS signals χ(k) were calculated taking into account all multiplescattering (MS) contributions up to the eight order with the half path length up to 6Å, that covers the range up to the sixth titanium coordination shell, composed of oxygen (O 6 ) atoms. The complex exchange-correlation Hedin-Lundqvist potential and default values of muffin-tin radii, as provided within the FEFF8 code [6] , were used. The value of the amplitude reduction factor S 2 0 due to many-body effects was set to 0.67, as was found in [31] . The position of the edge energy E 0 was fixed at the value optimized for the experimental EXAFS signal relative to the theoretical FEFF8 standard in [31] .
Finally, by averaging over all EXAFS signals, one obtains configuration-averaged signal, which can be directly compared with the experimental one in the proper ranges of wave numbers (k) and radial distances (R) (figure 2). Note that the latter is limited by a half-size of the MD simulation box due to the correlation induced by the use of the periodic boundary conditions. To quantify the agreement we evaluated the sum of the squares of the difference of calculated and experimental EXAFS signals ε, reported in table 1.
Discussion
As one can see in figure 1 , we are able to reproduce rather well both the amplitude and phase of the EXAFS and Fourier transform (FT) signals in the range of up to 6Å around the central Ti atom. This region corresponds to the first six coordination shells and includes also significant contributions from the multiple-scattering (MS) effects within the first and third coordination shells [35] . Note that the MS signals, generated within the linear O-Ti-O and Ti-O-Ti atomic chains, are known [36] to produce the largest contributions into the EXAFS signal and are also sensitive to the respective bonding angles. Thus, the first peak in FT at about 1.5Å corresponds to 6 O 1 atoms in the 1st shell. The second peak at about 3Å is due to 8 Sr 2 atoms in the 2nd shell plus the MS contribution from the 1st shell. The third peak at about 3.5Å originates from 6 Ti 3 atoms in the 3rd shell, including respective MS contributions, and 24 O 4 atoms in the 4th shell. Finally, the last peak at 5.3Å is due to 12 Ti 5 atoms in the 5th shell and 30 O 6 atoms in the 6th shell.
A comparison of the PDFs in figure 2, obtained from MD simulations, allows one to distinguish the AAJC force field model from the others: the AAJC model predicts the significant distortion of the O 4 and O 6 shells, being due to the largest value of the O MSD ⊥ . The FT of the EXAFS signal for the AAJC model clearly shows that the effect of disorder on the peaks at 2.5-4.0Å is overestimated. In fact, the AAJC model shows the worse agreement according to the ε value (table 1). The remaining three force field models (MGL, CJ and TMB) have close shape of PDFs. However, a detailed comparison of their EXAFS and FTs signals allows one to withdraw several conclusions. The MGL model underestimates thermal disorder within all shells: this is especially well visible for the peaks at 2.5-4.0Å and for the next peak at 5.3Å. The evaluated value of the mean Ti-O-Ti angle is 176 • in MGL model, being one degree larger than that in CJ and TMB models, suggesting slightly smaller amplitude of TiO 6 octahedra rotation. The ε value for MGL model is only slightly smaller than that of the AAJC model.
The two models (CJ and TMB) give very close agreement with the experimental EXAFS data. The CJ model has slightly lower value of ε, however it uses twice more number of potential parameters and a detailed comparison of the FT signals suggests that there is some disagreement in the range of the peak at 3Å, corresponding mainly to the Sr contribution. The TMB model seems to be the most preferable one. It requires only six potential parameters and uses atomic charges from ab initio calculations. However, close inspection of its EXAFS and FT signals indicates that the agreement is far from the ideal, that means further need for the force field optimization.
Conclusions
We have demonstrated the use of recently developed approach [20] , based on the combination of quantum mechanics and classical MD methods, to the simulation of configuration-averaged Ti K-edge EXAFS spectra in SrTiO 3 at T = 300 K. Proper use of ab initio quantum mechanics allows one to decrease the number of empirical parameters, used in the MD simulation, whereas the MD allows accounting for temperature effects. The configuration-averaged EXAFS signals are strongly sensitive to the force field model used in MD and, thus, can be utilized as an additional "property" for the testing/optimization of the force field.
